We propose a setup for the experimental realization of anisotropic 0-π transitions of the Josephson current, in a junction whose link is made of irradiated Weyl semi-metal (WSM), due to the presence of chiral nodes. The Josephson current through a time-reversal symmetric WSM has anisotropic (with respect to the orientation of the chiral nodes) periodic oscillations as a function of k0L, where k0 is the (relevant) separation of the chiral nodes and L is the length of the sample. We then show that the effective value of k0 can be tuned with precision by irradiating the sample with linearly polarized light, which does not break time-reversal invariance, resulting in 0-π transitions of the critical current. We also discuss the feasibility and robustness of our setup.
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Introduction.-Weyl semimetals are 3D topological systems with two or more 'Weyl' nodes in the bulk where valence and conduction bands touch [1] [2] [3] [4] [5] . According to a no-go theorem 6 , such Weyl nodes appear as pairs in momentum space with each of the nodes having a definite 'chirality', a quantum number that depends on the Berry flux enclosed by a closed surface around the node. Attempts to understand the effects of such chiral nodes have initiated an extensive field of research in the last few years, both in theory as well as in experiments. Exotic transport phenomena have been predicted due to the presence of the chiral nodes and an ever increasing number of experiments are being reported regularly [31] [32] [33] [34] [35] [36] to confirm some of these predictions.
One such phenomenon, predicted recently, occurs at the interface of a WSM and a superconductor (SC), where both the processes, normal reflection and Andreev reflection, become inter-nodal 14 , i.e, occur from one node to another node of opposite chirality. This extra transfer of momentum gives rise to an unusual oscillation 22 of Josephson current in a SC-WSM-SC setup with the period being proportional to both the distance between the two nodes in momentum space and the length of the WSM sample. The observation of such oscillations could be a direct proof of the existence of the chiral nodes, but since the momentum separation of the chiral nodes remains fixed for a given material, it is not likely to be usable as a tuning parameter. On the other hand, it has also been understood recently how time periodic perturbations can affect the WSM [37] [38] [39] [40] [41] [42] , and in particular, how a high frequency incident elliptically polarized light can slightly modify the position of the effective chiral nodes of the WSM 43 . This provides the possibility that the external parameters controlling the perturbation can serve as tuning parameters in adjusting the separation of the chiral nodes.
In this paper, we combine these two ideas in proposing a setup (see Fig. 1 ) for observing the unusual oscillation in the Josephson effect in a WSM sandwiched between two superconductors by tuning only external parameters, such as the intensity or the phase of the polarized light, which impinges on the WSM. As the period of oscilla- tion of the Josephson current is proportional to both the length of the sample as well as the separation of the Weyl nodes, depending on the length of the sample, even a small perturbative change in the separation of the nodes can give rise to a complete 0-π transition of the Josephson current. Note that the 0-π transition or change in sign of the critical current is expected [44] [45] [46] [47] in time-reversal broken systems, like the SC-ferromagnet-SC junction and has even been observed experimentally 48 . The transition was also shown earlier in a time-reversal breaking WSM 22 , but, motivated by the fact that almost all experimentally discovered WSMs 31-36 break inversion symmetry instead of time-reversal symmetry, in this paper, we show that it occurs in a time-reversal invariant setup, using linearly polarized light.
The existence of chiral nodes in a WSM is also topologically protected against perturbations, and, although they can be moved around in momentum space, Gauss law prevents the annihilation of the nodes unless two of them with opposite chirality are brought together 8 . This provides the robustness of our proposal.
Model and setup.-Weyl semimetals require either time-reversal (T ) or inversion (I) symmetry or both to be broken. The simplest model for a broken T symmetric WSM has two Weyl nodes in the Brillouin zone, and has been studied extensively. But most of the present day WSM materials break I symmetry. An inversion broken WSM is required to have at least four Weyl nodes in the Brillouin zone. A simple four band model with such an I broken WSM phase is the following 43 :
where λ i are the spin orbit couplings, which are taken to be isotropic, i.e,
is the kinetic energy and (k) = [1 − cos(k y ) − cos(k z )] is a perturbation that breaks the C 4 symmetry about k y direction. τ (σ) represents the orbital (spin) degree of freedom.
for any value of the parameters due to the M (k) term and therefore inversion symmetry is intrinsically broken in this model. At = 0 this model realizes the WSM phase when m < λ, with four Weyl nodes along the k y axis at k y = ±(π/2 ± k 0 ) where k 0 = π/2 − sin −1 (m/λ) as shown in Fig. 2(a) . The effective anisotropic Weyl Hamiltonian near these points is given by
Note that the anisotropy is controlled by the ratio of m/λ. At = 0 the C 4 symmetry about k y is absent and the Weyl nodes can move away from the k y axis in the k x − k y plane. Further details of the model are discussed in the supplementary 49 section. In the presence of elliptically polarized light propagating in the z direction, the Hamiltonian changes via the Peierls substitution k → k + eA(t), with,
At large (compared to the band width) driving frequency ω, the system can still be effectively described by a static Hamiltonian. There are a number of approximation schemes [50] [51] [52] [53] [54] [55] [56] available to find the effective Hamiltonian. In the van Vleck approximation 55, 56 , the effective Hamiltonian to order 1/ω, is given by
where H (n) are the Fourier components of the time dependent Hamiltonian. The Fourier components can be found analytically 49 and the effective Hamiltonian H eff (k) =H 0 (k) + H (k) whereH 0 is equal to the bare Hamiltonian in absence of light H 0 (k) with anisotropic renormalization of the parameters : λ i = λJ 0 (eA i ) and
The additional term is H = D 3 σ Z with,
For small amplitudes (when eA i 1), this additional term can be neglected. Further, for linearly polarized light, θ = π/2, the additional term vanishes. This is the case that we will consider in the rest of the paper.
The position of Weyl nodes in the irradiated WSM, described by H eff , can now be controlled by the amplitude of the incident radiation. At = 0, the four Weyl nodes are along the k y axis at k y = ±(π/2 ±k 0 ) wherek 0 = π/2 − sin −1 (|m eff |/λ eff ). The material dependent parameters m and λ, which cannot be directly tuned easily, change to effective values given by m eff = (m + 1 − J 0 (eA x )) and λ eff = λJ 0 (eA y ). The separation of two nearby Weyl nodes with opposite chirality is now given by 2k 0 . For small amplitudes eA i , the change in separation is,
We plot 2k 0 in Figs. 2(b) and 2(c) with the variation of eA x and eA y of the incident radiation amplitude and with m and eA 0 = |eA x | = |eA y | respectively, demonstrating the tunability of the separation of the Weyl nodes by incident linearly polarized light.
Josephson current.-Andreev reflection in a WSM-SC system can take place involving various nodes, α ± , β ± , as shown in Fig. 2(a) . If there was no chirality associated with the nodes, one would naively expect pairing between nodes α +(−) to β +(−) , which are the zero-momentum pairings. But, due to the overall spin conserving processes at a WSM-superconductor (SC) junction 14, 22 , the helical quasiparticle excitations at the Weyl nodes allow only transport between nodes of opposite chirality. This implies that inter-nodal scattering can occur, say, from node α + to node α − (an inter-nodal distance of 2k 0 ) or from node α + to β − , (an inter-nodal distance of π). As shown, for T broken systems, in Ref. 22 , such momentum separation of the chiral nodes, 2k 0 contributes to transfer of momentum at the superconducting interface each time a reflection/Andreev reflection process takes place. As a result, the energies of the bound-states between the two superconductors oscillate as a function of k 0 L with oscillation frequency of π.
Although our model does not break time reversal, the main conclusions of Ref.
22 do carry over to our system as well because these oscillations are the manifestation of chiral nodes rather than symmetry. We can now expect two possible momentum scales (π and 2k 0 ); however, as we shall see below, the smaller of the two momentum scales, 2k 0 is the relevant momentum scale at low energy transport. The expected oscillation in Josephson current results from the fact that the Josephson current is carried by these bound states.
We proceed to numerically evaluate Josephson current using a Green's function technique 57 , further details of which are given in the supplemental material 49 . The numerical method is well tested, and for various parameter ranges, we make sure that the continuum contribution to the Josephson current remains small compared to the bound-state contribution. In our numerical simulation we take a superconducting pair potential ∆ = 0.05 times the hopping amplitude in the Weyl semimetal. A large system size is required to ensure that the finite size gap in the WSM is smaller than the superconducting gap. One way we check this is to reach at least the length L after which the current decays as 1/L. We also restrict ourselves to = 0, so that the Weyl nodes are along the y-axis.
First, we study the Josephson current in the absence of light. As we increase the length L, we find oscillations in J y (the Josephson current in the direction of the Weyl node splitting in momentum space) with a period of oscillation π/k 0 . In contrast, the Josephson current along the perpendicular x-direction, J x is independent of L, apart from the trivial 1/L fall off. As has already been stated, the effect of irradiating the WSM sample by linearly polarized light is to change the effective distance between the Weyl nodes. This leads to (anisotropic) oscillations in the Josephson current as a function of the amplitudes of the impinging light. The variation in J y as a function of the amplitudes of linearly polarized light is shown in Fig. 3(a) , where the frequency of the drive, ω, is much larger than the band-width. Note that the oscillations are not quite radially symmetric, which is not unexpected, since the change in k 0 is not symmetrically affected, c.f, Eq. (5). The alternation of the positive and negative values of the current or the 0-π oscillations are clearly visible and can be further tuned by changing the amplitudes eA x and eA y . Fig. 3(b) shows the oscillations in the parameter space of m and the amplitude of the incident light eA 0 = eA x = eA y . It is interesting to note that the oscillations in the current (Fig. 3) roughly match the graph of the change in the momentum distance between the nodes (Fig. 2) for the same changes in parameters. This confirms our claim that the oscillations that are seen in the Josephson current are essentially oscillations ink 0 L.
In passing we would like to point out that, the Josephson current, in general, can oscillate with other system parameters. Such oscillations may appear, among other reasons, due to modifications of density of states, although 0-π transitions are unlikely. Moreover, such oscillations would not depend on the size of the system in the limit of large system size. We briefly discuss such variations of the Josephson current, J x , with radiation parameters in the supplemental material 49 . Tunability of the 0-π transition.-In Fig. 4 , we show the Josephson current for different values of the amplitude of incident light. The point to note here is that even a small change in the amplitude of light can cause 0-π transitions in the critical current. This is the central result of the paper, 0-π transitions in the Josephson current can be tuned by irradiating a WSM sample. For an already irradiated sample, only a small change in intensity is required to observe a 0-π transition. The change in amplitude of A y required to observe one full oscillation, in the limit of large L (the length of the WSM) and for linearly polarized light with A x = 0 is,
The larger the system size, the smaller is this change in amplitude required, ξ L ∝ 1/L. The intensity of the light is I = c 0 A 2 y , where c 0 = 1 2 c 0 ω 2 , c being the speed of light and 0 being the dielectric constant. The corresponding change in intensity required to observe a full oscillation is δI = 2c 0 A y δA y ≈ 4πc 0 √ λ 2 − m 2 /me 2 L for a small drive amplitude. In WSM candidate materials like TaAs, the average v f has been measured [31] [32] [33] [34] [35] to be v f = 2eVÅ (at 300K) and the average band-gap (2m) at the Γ point is ≈ 0.2eV . So we approximate λ = v F = 2eVÅ and m = 0.1eV . Using the average lattice constant a = 5Å, ω = 117meV for a CO 2 laser with eA y = 0.1Å −1 and assuming the length of WSM to be 100µm, we find δI ≈ 2 × 10 10 W/m 2 = 10 −3 I. Further, with appropriate choice of parameters, the system can also act as an on-off switch, where turning on the laser changes the sign of the current 49 , which may be of technological significance. Discussion.-A discussion of the shortcomings of our analysis and the conditions needed for the successful observation of the physics that have we described here is in order. A few approximations have been made in our analysis which may not hold in a realistic sample. We have assumed that the system is uniformly irradiated by a coherent source. However, in a real experiment, the irradiation within the sample will be limited to be within the skin depth. For a skin depth of a few layers of the atomic structure, the actual value of the radiation needed to observe an oscillation, Eq. 6, will need to be modified, although we expect the effect to remain intact. One advantage of our proposal is that the radiation intensity required is low and in fact, decreases with increasing system size, though the length of the system might be limited by the coherence length of the laser. We leave more detailed studies studies, including the effect of decaying radiation amplitude through the sample, for the future.
We have presented our results for a simple model of a WSM with four Weyl nodes along a particular axis. Real systems often have many more Weyl nodes. However, along any particular direction, it is not natural to expect more than four Weyl nodes, so we expect our results to hold even in those systems as long as the Josephson current is measured along the direction in which the Weyl nodes are expected.
Summary and Conclusion.-To summarize, in this paper we have studied, first, how the 0-π transitions in the Josephson current in a time-reversal invariant WSM can result from the presence of chiral nodes. Without breaking the time-reversal symmetry, and hence, retaining the topological stability of the Weyl nodes, we have presented a way to observe such oscillations by an all-electric tunable setup using linearly polarized light. We have presented numerical evidence of such 0-π transitions, which are highly anisotropic and depend strongly on the orientation of the Weyl nodes.
Note.-During the review of our manuscript, we noticed the work of Bovenzi et al 58 . They study the normal and Andreev reflection processes at the junction of a WSM (with broken T symmetry) with a normal superconductor and observe that, while reflection within the same node is always blocked, Andreev reflection from one node to another can also be blocked at a WS junction if the interface or pair potential does not couple the two chiralities. This extra blocking is labelled "chirality blockade" in their work.
APPENDIX A. Lattice model of a WSM without inversion symmetry
We consider a four band fermionic model on a cubic lattice that has multiple WSM phases with different numbers of Weyl nodes. Assuming periodic boundary conditions in all directions, the hamiltonian isĤ = k ψ † k H(k)ψ k where ψ k is the four component electron annihilation operator and
Here
, m is half the band gap at the Γ point, t h is the nearest neighbour coupling in the x and z directions, λ i are the anisotropic spin orbit couplings and a is the lattice constant. σ (τ ) denote the spin (orbital) degree of freedom. This model has a C 4 rotational symmetry about the k y axis which can be lifted by adding a term (k)τ y σ x where (k) = [1 − cos(k y a) − cos(k z a)]. At t h = 0.5 and a = 1, this yields Eq. (1) of the main text. For brevity, in this work we assume m > 0 and isotropic spin orbit terms : λ i = λ. Further, we only consider the case = 0. The model satisfies σ y H * (k)σ y = H(−k) and therefore it is time reversal invariant. However τ x H(k)τ x = H(−k), i.e. the model breaks inversion symmetry. Thus a WSM phase can be expected in the model. The eigenvalues of H(k) are ± E k± where,
.
Then E k± = 0 at k x , k z = 0, π/a and λ sin(k y a) = ±aM (k). Expanding H(k) around any of these zeros gives an effective Weyl hamiltonian. Thus the model describes a WSM if the zeros of E k± exist. 
which is neither a Dirac nor a Weyl hamiltonian since it is linear in q x and q z but quadratic in q y . If ma < λ < (m + 4t h )a, then the model has nodes at k x = 0 = k z , sin(k y a) = ±am/λ. The latter equation has 4 solutions : ± sin −1 (am/λ), ±(π − sin −1 (am/λ) and close to these nodes, the hamiltonian is, (upto O(q 2 ))
which is the anisotropic Weyl hamiltonian with chirality ±1. Due to Kramer's theorem, the minimal model for inversion symmetry broken WSM must have atleast four Weyl nodes. Therefore this phase of the model describes the simplest possible WSM with broken inversion symmetry. Additional Weyl nodes can appear on the k x , k z = π/a planes, at larger values of λ : a total of 12 for (m+4t h )a < λ < (m + 8t h )a and 16 for (m + 8t h )a < λ. In this work we use parameters so that only 4 nodes exist. Additional nodes are expected to increase the total current but not affect the results qualitatively.
B. Effective Hamiltonian in the presence of polarised light
In the presence of elliptically polarized light of frequency ω propagating along the z direction, the system is described by a time dependent hamiltonian which is related to H(k) by the Peierls substitution. In SI units this means, k → k + (e/ )A(t), where A(t) = (A x cos(ωt), A y sin(ωt + θ), 0). The resulting time dependent Hamiltonian, can then be written as a Fourier series H(k, t) = n H (n) (k)e inωt . The Fourier modes H (n) (k) are 4 × 4 matrices and can therefore be written as
i where we have defined matrices ζ i in the spin (σ) and orbital (τ ) space as
For brevity, we define e * = ea/ . Then, using some identities on Bessel functions we can compute the Fourier modes explicitly as,
6 (k) = 0.
Clearly at the zeroth order, H eff (k) is equal to the bare hamiltonian H(k) (Eq. 7) with anisotropic renormalisation of the parameters. Therefore in the presence of light, the positions of the Weyl nodes change slightly. The leading order (j = 1) terms are - 
The first order correction to the effective hamiltonian is of the form D 3 (k)σ z and has the effect of moving the Weyl nodes in the k z direction so that they are not all in the same plane. Here we consider linearly polarized light (θ = π/2), so that this correction vanishes exactly and the Weyl nodes remain fixed on the k z = 0 plane.
Since H eff (k) is of the same form as the bare hamiltonian, the new eigenvalues ± Ẽ k± can be computed similarly to be,
The position of the Weyl nodes can be found by solving for the zeros ofẼ k± i.e., 
